Predicting long-term contamination potential of perched groundwater in a mine-waste heap using a random-walk method by Gandy CJ & Younger PL
Predicting long-term contamination potential 
of perched groundwater in a mine waste heap 
using a random walk method 
Catherine J. Gandy & Paul L. Younger 
Hydrogeochemical Engineering Research and Outreach (HERO), Institute for 
Research on Environment and Sustainability, Devonshire Building, Newcastle 
University, Newcastle upon Tyne NE1 7RU, UK 
Tel.: +44-191-246-4872 
Fax.: +44-191-246-4961 
e-mail: c.j.gandy@ncl.ac.uk
 
Abstract Mine waste heaps are potential long-term sources of contamination for 
surface water courses and groundwater systems. Application of a novel 
physically-based particle tracking model to a mine waste heap in northern 
England, UK, has enabled predictions to be made of the lifetime of contaminants 
leaching, revealing a pattern of source mineral depletion. A mine waste heap is 
conceptualised by a series of one-dimensional unsaturated ‘columns’ in which 
active weathering of source minerals takes place. These columns drain into a 
saturated zone, through which the contaminants are transported to the heap 
discharge. Solute transport is simulated within the model by the random walk 
method while reaction kinetics are incorporated to account for the timescales of 
source mineral depletion. Results reveal that the mine waste heap is likely to 
remain polluting for several centuries, with the governing factor in the magnitude 
of pollution being the transport of the reactant, oxygen, to the source mineral 
surfaces. (153 words) 
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Introduction 
Mine waste heaps are potential long-term sources of contamination for surface 
water courses and groundwater systems. Pyrite (FeS2), which is widespread in 
Coal Measures strata, is the principal sulphide mineral responsible for 
contamination in coal waste heaps. Oxidative dissolution of pyrite by dissolved 
oxygen occurs when oxygen, either dissolved in percolating rainwater, or in its 
gaseous form, enters a mine waste heap and reacts with any pyrite it encounters 
(Younger et al. 2002). The resulting ferrous iron (Fe2+) and sulphate (SO42-) are 
then transported by the percolating water, with ferrous iron undergoing further 
oxidation by dissolved oxygen to ferric iron (Fe3+) which spontaneously 
precipitates, upon hydrolysis, as ferric oxyhydroxide (Fe(OH)3), the distinctive 
orange precipitate (‘ochre’) which is characteristic of streams affected by mine 
water pollution (Younger 1995). These processes can be summarised as follows: 
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As mine waste heaps are generally in greater contact with the atmosphere than in 
situ rock they have the potential to be far more vigorous generators of acidic water 
than flooded underground workings. Literature on the physical hydrology of mine 
wastes is relatively rare but the existence of subsurface flow systems within mine 
waste heaps, acting almost as a perched aquifer above the underlying bedrock, is 
commonly observed (Younger et al. 2002). The presence of a perched water table 
has important implications for pollution since it can give rise to continuous 
leachate discharges. Peak metal concentrations and acidity are usually highest 
during dry periods since there is little percolating water to dilute the discharge 
(Bayless and Olyphant 1993). In contrast, in the absence of a water table, 
discharge will only occur after heavy rainfall, via surface runoff. Fig. 1 shows a 
generalised conceptual model of a mine waste heap, including the processes 
responsible for generation of contaminants. 
 
The heterogeneous nature of mine waste, giving rise to preferential subsurface 
flow paths, is also a frequently observed phenomenon (Eriksson et al. 1997; 
Newman et al. 1997; Li 2000; Nichol et al. 2000). This is usually a direct 
consequence of the processes of waste rock disposal which produces a highly 
structured system with widely varying hydraulic conductivities. Coarse and fine 
grained material, containing significantly different water contents, tend to be 
found adjacent to each other (Fig. 1), resulting in preferential flow through the 
fine grained layers, which are capable of retaining water and therefore 
maintaining higher unsaturated hydraulic conductivities under given values of 
matric suction (Newman et al. 1997). Numerical models of unsaturated flow 
through mine waste heaps, such as that described by Strömberg and Banwart 
(1994), have often had to incorporate preferential flow paths to accurately 
reproduce observed drainage characteristics. 
 
The effective remediation of polluting discharges from surface mine waste heaps 
requires an understanding of their long-term evolution, including estimates of the 
lifetime of contaminant release (Deissmann 2000). It is perhaps surprising then 
that very little exists in the open literature on the longevity of mine water 
pollution. Early studies by Frost (1979) and Glover (1983) noted an exponential 
decline in iron concentrations in flooded deep mines but it was not until Younger 
(1997) that a greater understanding of the physical and chemical processes 
governing pollutant release over scales of many decades was gained. After 
studying long-term discharges from abandoned deep mines in Scotland, Cornwall 
and Wales, Younger (1997) discovered an initial exponential decay in 
contaminant concentrations representing the depletion of what he terms “vestigial 
acidity”, relating to the products of past pyrite oxidation which are incorporated 
into solution when percolating water first comes into contact with the oxidised 
mineral surfaces. Asymptotic levels are then established, relating to “juvenile 
acidity” production, i.e. the ongoing seasonal pyrite oxidation as the water table 
fluctuates. In terms of timescales, Younger (1997) suggested that discharges could 
remain polluting for many hundreds of years, until the supply of pyrite is finally 
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exhausted. These concepts clearly have some resonance for the geochemically 
similar systems of mine waste heaps (Younger and Banwart 2002). 
 
At present there is no suitable method to predict either the longevity of 
contaminant sources within mine waste heaps, or the evolution of their strength 
over the contaminating lifetime of the sites. Existing techniques, such as acid-base 
accounting (Sobek et al. 1978), provide little information relevant to the 
prediction of field contaminant concentrations and time scales, which is essential 
for an optimum choice of remediation measures. They are primarily concerned 
with the presence or absence of acidity-producing minerals (such as pyrite) and 
alkalinity-producing minerals (such as calcite) and, in reality, are more concerned 
with the possibility of a problem occurring rather than the severity of the problem 
in the long-term (Younger 2000). A more reliable approach is to take into account 
reaction kinetics and timescales for depletion of source minerals. To this end, a 
physically-based, object-oriented particle tracking model, POTOMAC (Pyrite 
Oxidation products Transport: Object-oriented Model for Abandoned Colliery 
sites), has been developed to predict the long-term contamination potential of 
mine waste heaps (Gandy 2005). This paper describes the application of 
POTOMAC to the Morrison Busty mine waste heap, in northern England, UK. 
Overview of study site 
The Morrison Busty mine waste heap is situated near the village of Quaking 
Houses in County Durham, UK, as shown in Fig. 2. It has an areal extent of 
approximately 35 hectares and ranges in thickness from 4 to 10 m. Colliery waste, 
in the form of grey and black weathered shale, ash, coal and coal dust, was 
applied to the mine waste heap from two neighbouring coal mines between 1922 
and the cessation of mining at the two collieries in the 1970’s (Kemp and Griffiths 
1999). The mine waste overlies glacial clay and sandy drift deposits which in turn 
overlie Carboniferous Coal Measures beds. 
 
A deep road cutting was constructed through the mine waste heap in 1986-1987 
and the percolating water within the heap was incorporated into the road drains 
which were channelled to three outfalls. The most significant outfall, which is 
highly acidic and rich in iron and aluminium, is that which enters the head of the 
Stanley Burn (Fig. 2). Pollution is reported to have first been noticed shortly after 
construction of the road cutting, which implies that disturbance of the mine waste 
during road construction fostered infiltration of oxygen and water into the mine 
waste, encouraging the development of a perched aquifer within the heap (at a 
depth of approximately 6 to 9 m) and promoting oxidation of pyrite present within 
the mine waste (Jarvis and Younger 1999). Pipe inspections, using CCTV, 
revealed an ochre-stained culvert draining the north-eastern part of the mine waste 
heap. Monitoring of groundwater in this area indicated that the perched 
groundwater is up to five times more contaminated (Fe ~ 40mg/l) than the 
discharge to the burn (Fe ~ 8 mg/l), and the direction of flow was towards this 
discharge. This implies that the north-eastern part of the mine waste heap is an 
acid-generating “hot-spot” and other parts must be producing water of a much 
higher quality to dilute the high metal concentrations before discharge (Gandy and 
Younger 2003). An anaerobic compost wetland was constructed in 1997 at the 
head of the Stanley Burn to treat the polluted discharge and prevent migration to 
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other watercourses. This has been proven to efficiently remediate the Stanley 
Burn (Jarvis and Younger 1999). 
 
As oxygen is the primary reactant responsible for pyrite oxidation, three gas 
monitoring boreholes were constructed (to depths of 2 metres, 4 metres and 6 
metres respectively) in the north-eastern part of the mine waste heap in order to 
assess the depth of oxygen penetration into the mine waste. Fig. 3 shows the 
measured percentage by volume of oxygen at various depths within the mine 
waste over a 6 month period and reveals oxygen to be limited below a depth of 4 
metres. This variation in oxygen content is consistent with reports in the literature 
stating that oxygen remains at concentrations close to atmospheric (20.9%) in the 
top metre or two of mine waste (Bain et al. 2000; Wunderly et al. 1996) then 
declines rapidly, due to oxidation of organic matter and sulphides. These results 
are also consistent with laboratory analyses carried out on the removed mine 
waste which show a significantly greater pyrite content at depths below 4 metres, 
suggesting rapid oxidation and depletion of pyrite above that depth, due to oxygen 
availability (Evans et al. 2003). Below a depth of 4 metres unreacted pyrite is 
stable under anoxic conditions. However, studies of oxygen concentrations within 
reclaimed coal strip mines (e.g. Jaynes et al. 1983; Guo et al. 1994) have revealed 
oxygen penetration to depths of 12 metres, despite active pyrite oxidation. This is 
believed to be a result of thermal convection generated by exothermic pyrite 
reactions, resulting in significant transport of oxygen into the mine waste, and is 
not believed to be taking place within the Morrison Busty mine waste heap. 
Modelling approach 
Conceptual model 
A mine waste heap (Fig. 1) can be conceptualised as a series of columns (Gandy 
2005). These columns represent an unsaturated zone in which oxidative 
weathering of pyrite takes place, and drain into a saturated zone beneath the water 
table, which may be within the mine waste, effectively producing a perched 
aquifer, or within the underlying bedrock. Oxygen, both dissolved and gaseous, is 
assumed to infiltrate into the columns at the mine waste surface and is transported 
vertically through the unsaturated mine waste. Pyrite oxidation by dissolved 
oxygen in the unsaturated zone releases ferrous iron and sulphate into solution 
which are also transported vertically through the columns. It is assumed that 
ferrous iron subsequently undergoes oxidation by any remaining oxygen and the 
resulting ferric iron spontaneously precipitates, upon hydrolysis, as ferric 
oxyhydroxide and is effectively removed from the transport process as a ‘sink’. 
Sulphate, on the other hand, is assumed to behave more or less conservatively 
since storage in hydroxy sulphate minerals is ephemeral. On reaching the 
saturated zone the contaminants are transported in a lateral direction towards the 
discharge point. 
 
The model also assumes an average pH throughout a mine waste heap, which 
could have important implications for the validity of assumptions regarding 
contaminant sources and sinks since it is widely regarded that metal solubility, 
and therefore mobility, increases with decreasing pH (Banwart and Malmström, 
2001; Jönsson and Lövgren, 2000). Similarly, mineral precipitation and sorption 
processes are more important at higher pH. Although this disregard of pH could 
be construed as a limitation to the model, in the case study described here it is 
unlikely to considerably alter the results since the average pH within the Morrison 
Busty spoil heap is relatively constant at around 4 – 5. Since the object-oriented 
nature of the model allows additional minerals and processes to be added with 
ease, and without requiring the addition of large amounts of code, it is envisaged 
that pH changes will be included following thorough testing of the basic model. 
Groundwater flow 
Flow is assumed to be steady state and in a vertical direction within each 
unsaturated column, with lateral flow through the saturated zone. Water enters 
only at the top of each column, where it is evenly distributed across the mine 
waste surface; it is assumed there is no influx of water through the side 
boundaries. 
 
The average linear velocity of flow (V) in the saturated zone is calculated from 
Darcy’s Law according to: 
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where V = average linear groundwater velocity, Q = volumetric discharge, A = 
cross-sectional area, K = hydraulic conductivity, ∂h/∂x = hydraulic gradient. 
 
For calculation of average linear velocity in the unsaturated columns, the porosity 
term in Equation 4 is replaced by a term for moisture content, θw, since the pores 
are only partially filled with water, the remainder being taken up by air (Equation 
5). For saturated flow, θw = n while for unsaturated flow θw < n and approaches n 
on nearing the water table. 
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where θw = moisture content and all other terms are as defined above. 
 
Since flow is assumed to be steady state, the volumetric discharge is constant 
throughout each column and can be calculated from recharge estimates according 
to: 
RAQ =         (6) 
where R = recharge and all other terms are as defined above. 
 
The simplest form of Equation 5 is therefore used to calculate the average linear 
velocity within the unsaturated part of the spoil heap: 
A
QV
wθ=         (7) 
It is assumed within the model that moisture content varies with depth throughout 
each unsaturated column, with values specified by the user for each cell of the 
finite difference grid representing the column. Table 2 gives the variation in 
moisture content with depth used in the simulation of the Morrison Busty mine 
waste heap. Although measured moisture content data was unavailable for the 
site, the values were varied until a successful calibration was achieved. As the 
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average linear groundwater velocity is a function of moisture content, this also 
varies throughout the columns. In the saturated zone, the volumetric discharge 
varies between cells since it is equal to the discharge not only from the previous 
cell but also the discharge from the corresponding unsaturated column. The 
discharge leaving the mine waste heap is therefore equal to the total recharge rate 
over the entire model domain. The values for recharge and porosity which were 
used in the simulation of the Morrison Busty mine waste heap are given in Table 
1. 
 
The treatment of unsaturated flow is perhaps the biggest simplification of the 
model since both moisture content and hydraulic conductivity are functions of 
pressure head and vary with depth. However, the functional relationships between 
moisture content and pressure head and hydraulic conductivity and pressure head 
are not easily obtainable and the unsaturated form of the governing flow equation 
is difficult to solve numerically. As with the choice of a constant pH throughout 
the model, the decision was made to thoroughly test the basic model, whose 
primary objective is to simulate the long-term contamination potential of a mine 
waste heap, before adding more complex hydraulics. This will be facilitated by 
the object-oriented nature of the model. 
Solute transport 
POTOMAC uses a particle tracking approach, the random walk method, to 
transport components through a mine waste heap. The fundamental idea of the 
random walk method is to simulate the concentration distribution of various 
chemical constituents by using a finite number of discrete particles, each of which 
is moved by groundwater flow and is assigned a mass which represents a fraction 
of the total mass of chemical constituent (Prickett et al. 1981). 
 
The random walk method solves the advection-dispersion equation for one-
dimensional solute transport (Equation 8) by transporting particles at the average 
linear groundwater velocity, to represent advection, then adding a random 
displacement to represent dispersion. The direct result is therefore a particle 
(mass) distribution which can be converted to a concentration distribution where 
required. It should be noted that Equation 8 is the standard governing equation for 
one-dimensional solute transport. Retardation by e.g. sorption processes, is not 
included in POTOMAC; therefore, the retardation factor, Rd, is assumed to be 1. 
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where V = average linear groundwater velocity, DL = longitudinal dispersion 
coefficient, x = space dimension, t = time, Rd = retardation factor, C = 
concentration of solute, CsQ = source or sink function having a concentration Cs 
and a flux rate Q. 
 
The longitudinal dispersion coefficient (DL) describes both mechanical mixing 
and molecular diffusion and is given by: 
DlL DVD +=α        (9) 
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where αl is the longitudinal dispersivity, which is taken to be a ‘characteristic 
length’ of the porous medium, V is the average linear groundwater velocity and 
DD is the coefficient of molecular diffusion. 
 
The random walk method has been successfully applied to reactive transport 
modelling in porous media for many years (e.g. Kinzelbach 1988; Kinzelbach and 
Uffink 1991; Prickett et al. 1981; Tompson and Gelhar 1990; Valocchi and 
Quinodoz 1989). By equating the concentration distribution of a one-dimensional 
transport problem to the probability density function of a normally distributed 
(Gaussian) random variable, the following relationships can be established: 
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where μ = the mean and σ = the standard deviation of a normally distributed 
random variable. 
 
In terms of solute transport, advection represents the mean of a normally 
distributed random variable and dispersion the deviation from the mean. Each 
particle is therefore moved over a distance x in a single time step of length t 
according to: 
VtDZVtx L2+=        (11) 
where Z is a normally distributed random variable with zero mean and unit 
variance. The resulting path lengths are normally distributed with mean Vt and 
standard deviation VtDL2 . 
 
As stated above, the direct result of the random walk method is a particle (mass) 
distribution which can be converted to a concentration distribution where 
required. This is one of the major advantages of the method above the direct 
solution of Equation 8 by a finite difference or finite element scheme as it 
overcomes numerical dispersion due to concentration distributions only being 
calculated when required (de Marsily 1986). Numerical dispersion arises due to 
the error in the approximation of the advection term being of the same order of 
magnitude as the absolute value of the dispersion term, leading to a swamping of 
actual dispersion by false numerical dispersion (Zheng and Bennett 2002). In 
POTOMAC, the conversion of particle clouds to concentration distributions is 
achieved by spatial discretisation and counting of particles in the appropriate cell, 
as undertaken by Kinzelbach (1988). The total mass of the required chemical 
component within the cell (summed across the number of particles present in the 
cell), divided by the cell volume and multiplied by the porosity, gives the cell 
concentration for that component. It should be emphasized, however, that this is 
only carried out where it is required, e.g. for chemical reactions or results output. 
Given the stochastic nature of the random walk method, concentration 
distributions are usually rough. Although projection functions can be used to 
“smooth” the random fluctuations of the computed concentration distribution 
(Bagtzoglou et al. 1992), this was not deemed necessary for POTOMAC since the 
main objective of the model is to predict the pattern of contaminant release over a 
large timescale, rather than to predict exact concentrations. As can be seen from 
the simulation of the Morrison Busty mine waste heap, the predicted 
concentration distribution is smooth enough for the general pattern of contaminant 
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release to be clearly seen. A moving average trend line has also been added to 
Fig.’s 6 and 7 for clarity. 
 
It is assumed initially that no particles are present within the model domain, which 
could be construed as a possible source of error but, given the timescales over 
which the model is applied, this is believed to have very little effect on the overall 
results. Particles containing oxygen are added to the top of each unsaturated zone 
column every time step, with the number of particles added determined by the 
user. Following pyrite oxidation, particles containing iron and sulphate are added 
to each cell in which oxidation has taken place, with their exact location being the 
centre of the cell. If both oxygen and ferrous iron are present within a cell, ferrous 
iron oxidation takes place and the mass of ferrous iron and oxygen stored within 
their respective particles are adjusted accordingly. When particles reach a mass of 
zero they are removed from the model. The remaining particles are then 
transported through the unsaturated zone columns according to Equation 11 
(Equation 15 for particles containing gaseous oxygen), with their new position 
determined by the distance they have traveled. Therefore, although initially, when 
particles are first created, they are added to the centre of each cell, following 
transport they are distributed randomly, according to the distance they have 
traveled. On reaching the saturated zone, the particles are transported laterally to 
the discharge point. The above procedure is repeated in each time step. 
 
Typically, the random walk method is not used for modeling reactive solute 
transport between different chemical species (Salamon et al. 2006), principally 
due to the necessity to transform particle distributions into concentrations and vice 
versa for each time step and the constant addition of particles which leads to a 
very large number of particles present within the model domain. It is more usually 
used for the transport of point sources of pollution. There are, however, 
exceptions (e.g. Tompson et al. 1996). 
 
The random walk method was chosen for solving solute transport in POTOMAC 
primarily because it is easily implemented using object-oriented programming 
techniques since each particle can be assigned to an “object” which transports a 
mass of a particular contaminant throughout the model system. Similarly, the 
series of one-dimensional columns representing the unsaturated zone of a mine 
waste heap, as well as the saturated zone and the nodes located at the centres of 
each cell within the finite difference grid, are assigned to objects. These objects 
store various physical and chemical properties and enable heterogeneities to be 
easily modeled since each node is assigned to a separate object which can store 
different values for a particular physical parameter. A description of the object-
oriented nature of the model is given in Gandy and Younger (in press). 
 
Object-oriented programming was chosen to create a model which is capable of 
simulating the large timescales (on the order of centuries) required. It is believed 
that it would be almost impossible to run a model developed using traditional, 
procedural programming techniques, due to the time it would take for 
manipulation of such large arrays and record structures and the passing of the vast 
number of parameters. In addition, the object-oriented style of development 
allows the code to be easily extended with, in particular, the addition of further 
minerals and processes following testing of the basic model. Unlike most reactive 
transport models, conversion of masses to concentrations (and vice versa) in 
POTOMAC does not take place throughout the entire model domain in every time 
step. Reactions only take place (with the subsequent addition of particles to the 
system) if both the reactant (oxygen) and the source mineral (pyrite) are present. 
Although large numbers of particles are present within the model, the number 
added each time step is determined by the user so can be adjusted for the available 
computational power. Therefore, it is felt that use of the random walk method is 
justified with the advantages of object-oriented programming far outweighing the 
usual disadvantages of using the random walk method for reactive transport. 
Gaseous oxygen transport 
It is assumed that the pore space within the unsaturated zone of a mine waste heap 
is partly water-filled and partly air-filled. Gaseous oxygen transport takes place by 
diffusion through the air-filled pore space of the unsaturated columns. 
Consumption of oxygen during pyrite oxidation reactions produces an oxygen 
concentration gradient which is the driving force for the diffusive transport of 
oxygen through the mine waste heap (Gerke et al. 1998). One dimensional 
diffusion of oxygen can be approximated by Fick’s First Law: 
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where  is the mass flux of oxygen per unit area per unit time, D
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F a is the 
effective diffusion coefficient in the air phase and ∂C/∂Z is the concentration 
gradient. The effective diffusion coefficient is a function of the diffusion 
coefficient for oxygen in air and a factor that depends upon the percentage of air-
filled pores (related to the volumetric moisture content) and the tortuosity 
(Elberling et al. 1993). It is calculated using the approach of Elberling et al. 
(1993): 
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where Da0 is the diffusion coefficient for oxygen in air, Dw0 is the diffusion 
coefficient for oxygen in water and H is Henry’s constant, which is defined as the 
concentration of oxygen in the water phase divided by the concentration of 
oxygen in the gas phase at equilibrium (Elberling et al. 1993). The relative water 
saturation, Sw, is defined as: 
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where θ is the pore space and θw the volumetric moisture content. For residual air 
contents below θa = 0.05 (where θa is the volumetric air content), the air phase is 
assumed to be discontinuous and separated by water menisci that permit diffusive 
oxygen transport (Gerke et al. 1998). Values for these parameters used in the 
simulation of Morrison Busty mine waste heap are given in Table 1. 
 
Once calculated, the effective diffusion coefficient is incorporated into the particle 
tracking routine by way of Equation (9), in place of the coefficient for molecular 
diffusion, while the mechanical mixing term is taken to be zero. Since advection 
is also assumed to be zero, the distance over which a particle containing gaseous 
oxygen moves in a single time step is given by: 
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The kinetics of pyrite weathering 
The controlling chemical reaction taking place within a mine waste heap is the 
oxidative weathering of pyrite by dissolved oxygen. Gaseous oxygen is assumed 
to dissolve into solution at the pore walls and, along with the dissolved oxygen 
present in the water-filled pores, reacts with pyrite minerals according to Equation 
(1). The rate of pyrite oxidation is generally believed to be controlled by the 
availability of oxygen at the pyrite surface (Ritchie and Miskelly 2000). A number 
of authors (e.g. Brown and Jurinak 1989; Holmes and Crundwell 2000; McKibben 
and Barnes 1986; Moses and Herman 1991; Nordstrom 1982) have determined 
rate laws for the oxidation of pyrite but substantial differences exist between the 
studies, which probably reflects a combination of experimental and interpretative 
factors. The approach used in POTOMAC is that of McKibben and Barnes (1986) 
in which the rate of pyrite oxidation is dependent upon the square root of oxygen 
concentration and is effectively independent of pH. The rate of dissolved oxygen 
depletion, in units of moles oxygen m-2 s-1, according to this approach, is given 
by: 
[ ] [ ] 5.0)(2)(2 aqaq OktO =∂∂−       (16) 
where the square brackets indicate species activity and k, the rate constant, has a 
value of 3±2x10-8 s-1. The rate of oxygen depletion can be converted to the rate of 
pyrite depletion according to the stoichiometry of Equation (1), i.e. multiplying by 
2/7. 
 
Since, for particle tracking purposes, the amount of pyrite depletion is required in 
terms of mass rather than area, a specific surface area is calculated for each cell of 
the finite difference grid, which gives a relationship between the surface area of 
pyrite and the mass of pyrite. The mass of pyrite oxidised within each cell in a 
single time step can then be calculated. Over-estimation of oxidation can 
sometimes occur, due to the required conversions from mass to concentration and 
vice versa. Therefore, before oxidation takes place, the model first checks the 
maximum mass of pyrite that can be oxidised by the available oxygen and if it is 
less than the amount of pyrite present in the cell then only that amount of pyrite 
can be oxidised. Otherwise, if there is surplus pyrite, the total mass of pyrite 
present in the cell is assumed to take part in the oxidation process. 
Ferrous iron oxidation 
It is assumed within POTOMAC that the ferrous iron released by pyrite oxidation 
oxidises, in the presence of oxygen, to form ferric iron (Equation 2). This 
conversion is likely to be bacterially mediated, by bacteria such as Ferrobacillus 
ferrooxidans or Thiobacillus ferrooxidans, which can increase reaction rates by a 
factor of up to 106 (Singer and Stumm 1970). The rate of oxidation is also 
dependent upon pH and oxygen concentration and has been studied by several 
authors (e.g. Sung and Morgan 1980; Millero 1985; Wehrli 1990). The pH - 
dependent rate laws developed by these authors can be summarised as follows: 
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where k, the rate constant, is calculated from reported data (Wehrli 1990). 
 
It is assumed that all ferric iron produced by the oxidation of ferrous iron 
spontaneously precipitates as ferric oxyhydroxide (Equation 3) and is therefore 
removed from the model. 
Application of POTOMAC to Morrison Busty mine 
waste heap 
POTOMAC has been applied to the Morrison Busty mine waste heap to predict 
the contamination potential of the waste material and assess the long-term water 
quality evolution. A zone measuring 500 m by 125 m was taken to be modelled 
which included the most pollutant-generating north-eastern part of the mine waste 
heap and the discharge to the Stanley Burn. The perched water level was kept 
constant at a depth of 8 m below the mine waste surface, producing a saturated 
zone of constant thickness 2 m (Fig. 4). 
 
Grid discretisation is an important aspect to consider during model 
conceptualisation. The calculated concentration distribution from application of 
the random walk method is not smooth, as pointed out by Kitanidis (1994), but the 
greater the number of particles involved, the smaller the random fluctuations in 
the computed concentrations, especially in zones of low concentrations, and hence 
the smoother the results. However, this may require vast computational power so 
a balance must be achieved between grid discretisation (the greater the number of 
columns, the greater the spatial distribution of the concentrations) and 
computational power. If grid cells are too large, artificial spreading may be 
observed when averaging concentrations in each cell. In this application of 
POTOMAC to the Morrison Busty mine waste heap the modelled area was 
divided into 20 columns, as shown in Fig. 4, with each sub-divided into 8 cells. In 
addition, a daily time step was used in the simulation. Since a certain number of 
particles (determined by the user) are added to the model every time step, the 
length of time step also has an effect on spatial distribution of computed 
concentrations, and therefore smoothness of the results. A daily time step was felt 
to be sufficient to achieve the smoothest results with the available computational 
power. 
 
Table 1 gives the model input parameters used in the simulation. Pyrite content 
was allowed to vary throughout the model domain, according to analyses of the 
mine waste material which revealed pyrite content to be limited above a depth of 
4 m in the most pollutant-generating area (Evans et al. 2003). It is assumed that 
oxidative weathering, since the emplacement of the mine waste heap, is beginning 
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to exhaust the supply of pyrite in the upper layers. Similarly, moisture content was 
assumed to vary vertically throughout the unsaturated zone, with values 
approaching porosity on nearing the perched water table. Since it is assumed that 
the pore space within the unsaturated part of the mine waste heap is partly water-
filled and partly air-filled, then the value of moisture content does not only govern 
the amount of water infiltrating through the mine waste but also the amount of 
gaseous oxygen, which can have a profound effect on pyrite oxidation. 
 
The model was successfully calibrated against measured contaminant 
concentrations in the perched groundwater, sampled from a borehole located in 
the most pollutant-generating north-eastern part of the mine waste heap. The 
calibration was undertaken to ensure that early concentrations predicted by the 
model are akin to measured concentrations. Therefore, although POTOMAC was 
designed to simulate the long-term contamination potential of a mine waste heap, 
a single year of measured concentrations was considered sufficient for calibration 
to ensure the correct magnitude for early concentrations. Parameters varied during 
the calibration process include pyrite content, moisture content and longitudinal 
dispersivity, including pyrite content and moisture content variation with depth. 
The model proved to be highly sensitive to changes in pyrite content but relatively 
insensitive to changes in moisture content. A comparison between measured and 
modelled iron and sulphate concentrations in the perched groundwater during the 
calibration period is shown in Fig. 5. Although the model took some time to reach 
steady state this can be explained by the elapsed time for the particles to be 
transported throughout the columns since pyrite oxidation initially only takes 
place near to the ground surface. On reaching steady state, the measured and 
predicted concentrations compare favourably. 
 
The model was then calibrated against the heap effluent to account for variations 
in pyrite content throughout the remainder of the mine waste heap. The calibrated 
pyrite and moisture content distributions are given in Table 2, where columns 1-3 
represent the most pollutant-generating north-eastern part of the mine waste heap 
and the pyrite content decreases in a lateral direction towards the heap discharge. 
 
The value of recharge (Table 1) was based on data collected from an automatic 
weather station located on the mine waste heap, which has previously been 
successfully used in groundwater modelling studies of the heap. It was assumed 
that surface runoff from the mine waste heap was negligible so that recharge was 
equal to effective rainfall, i.e. rainfall – potential evapotranspiration. This 
assumption is thought to be reasonable since visual observations made at the site 
during a period of heavy rainfall revealed small streams developing on the surface 
and collecting in low lying areas where they slowly infiltrated into the mine 
waste. 
Results and discussion 
In order to predict the long-term contamination potential of the Morrison Busty 
mine waste heap a 500 year simulation, initiated at the present day, has been 
carried out, using the calibrated pyrite and moisture content distributions 
described above. Fig. 6 shows a model prediction of iron and sulphate 
concentrations in the perched groundwater over this period. As expected from the 
conceptual model of Younger (1997), the results show an exponential decline in 
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concentration with time with both iron and sulphate expected to persist for several 
centuries, albeit at reduced concentrations. Similar results were obtained for the 
discharge from the mine waste heap to the Stanley Burn (Fig. 7), although 
predicted concentrations are lower than those in the perched groundwater due to 
the dilution effects of water emanating from the less polluting parts of the mine 
waste heap. Unfortunately, measured concentrations in both the perched 
groundwater and the heap discharge are not available for a sufficiently long period 
for any discernible decrease in concentrations to be apparent, and hence for 
comparisons with these predictions to be made. 
 
The exponential decrease in concentration of both iron and sulphate shown in 
Fig.’s 6 and 7 reflects the progressive reduction in surface area of pyrite, with the 
rate of pyrite oxidation decreasing as the surface area of pyrite is reduced. This 
leads to the development of asymptotic levels with the result that contaminants 
can persist for long periods, although at reduced concentrations. At the end of the 
500 year simulation iron and sulphate concentrations in the perched groundwater 
are predicted to be approximately 23 mg/l and 120 mg/l respectively, with a 
calculated half-life for iron in excess of 500 years and that for sulphate on the 
order of 84 years. In the discharge to the Stanley Burn iron and sulphate 
concentrations are predicted to be approximately 7.5 mg/l and 37 mg/l 
respectively with again the calculated half-life for iron in excess of 500 years and 
that for sulphate on the order of 85 years. 
 
It can be seen from Fig.’s 6 and 7 that predicted iron concentrations, in both the 
perched groundwater and heap effluent, appear to reduce at a slower rate than 
predicted sulphate concentrations, with the result that iron has a much longer half-
life than sulphate. This is believed to be due to rapid oxidation by dissolved 
oxygen of any ferrous iron produced from pyrite oxidation in the initial stages of 
the simulation when both ferrous iron and oxygen concentrations are high in the 
upper layers of mine waste. With time, and the depletion of pyrite near to the 
surface, less ferrous iron oxidation will take place since oxygen must be 
transported to greater depths to encounter ferrous iron and the limited oxygen 
which reaches those depths will be exhausted by pyrite oxidation. Therefore, iron 
concentrations remain higher over time, relative to their initial values, than those 
of sulphate. 
 
Table 3 shows the pattern of pyrite depletion in the most pollutant-generating part 
of the mine waste heap (Column 3 in Table 2) at the end of the simulation and 
reveals that oxidation of pyrite has taken place down to a depth of 4 metres but 
below this depth the mine waste remains undisturbed. The same pattern is shown 
diagrammatically in Fig. 8. It can be seen that over a period of 500 years almost 
all the pyrite in the upper 2 metres of mine waste is depleted but only 75% of that 
between 2 and 3 metres while in the depth range 3-4 metres only 11% of the 
pyrite originally present is oxidised. This suggests that oxygen only penetrates the 
upper few metres of mine waste and is not transported beyond 4 metres as it is 
exhausted by pyrite oxidation above this depth, despite pyrite content in these 
upper layers limited to 1% of mine waste material. If this is the case then it could 
be a considerable time before oxygen is available to oxidise pyrite at greater 
depths. If it is also assumed (as is likely in coal-rich wastes) that oxygen takes part 
in additional oxidation reactions, such as the oxidation of carbonaceous material, 
then it is possible that pyrite at greater depths will always remain undisturbed. 
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Such large time scales, in some ways, disagrees with the field data described in 
Evans et al. (2003) which suggest that pyrite has been exhausted in the upper 4 
metres in the time since mine waste was deposited but this data is inconclusive as 
it is only semi-quantitative. Also, jarosite (potassium iron hydroxy sulphate 
mineral produced from precipitation of ferric iron) has been discovered within the 
mine waste heap above a depth of 4 metres so it may be that dissolution of jarosite 
accounts for some of the iron and sulphate observed in the perched groundwater 
and assumed here to be derived from pyrite oxidation. 
 
In contrast, in Column 4, which is assumed to contain a slightly lower pyrite 
content in the upper layers (Table 2), after 500 years pyrite oxidation is predicted 
to have taken place down to a depth of 5 metres, as shown in Table 4. This 
reflects the increased availability and transport of oxygen to greater depths due to 
the presence of less pyrite in the upper layers. Again, the mine waste remains 
undisturbed below this depth. Interestingly, the half-life for pyrite depletion in the 
upper 2 metres is very similar to that calculated for the same depth range in 
Column 3. This indicates the presence of excess pyrite at this depth so that 
initially there is more pyrite present than can be oxidised by the available oxygen 
so the same mass of pyrite is oxidised in each case. Below a depth of 2 metres, the 
calculated half-lives are considerably shorter than those for the equivalent depths 
in Column 3, reflecting the increased availability of oxygen. 
 
The pattern of pyrite depletion can be compared to the modelled distribution of 
oxygen within the mine waste heap. The gaseous oxygen distribution within a 
single column in the most pollutant-generating part of the mine waste heap at the 
end of the 500 year simulation is given in Fig. 9. As with the pattern of pyrite 
depletion, it is apparent from Fig. 9 that oxygen is exhausted by the oxidation of 
pyrite and ferrous iron in the upper 4 metres of mine waste. Below this depth, 
there is no excess oxygen. A comparison with areas of the mine waste heap 
containing lower initial pyrite contents reveals the depth of oxygen penetration to 
be slightly lower but never below 5 metres. These modelled results are very 
similar to the current oxygen distribution within the most pollutant-generating part 
of the mine waste heap, as shown in Fig. 3, suggesting that even after 500 years 
oxygen will be penetrating no further than at the present time due to its exhaustion 
by oxidative weathering in the upper layers of mine waste. 
 
The results of this application of POTOMAC to the Morrison Busty mine waste 
heap support the contention that oxygen availability can explain the amount of 
pyrite oxidation taking place within the mine waste heap and hence the magnitude 
of contamination. One of the main limitations of the model is the basic hydraulics 
employed for simulating groundwater flow. Clearly, given the importance of 
oxygen availability at the mineral surfaces, this could have important implications 
for the model results but sensitivity analyses carried out on moisture content 
variation with depth suggest that, over the timescale covered by the simulation, 
simplification of hydraulic processes has very little effect on the overall pattern of 
contamination. Another limitation of the model could be perceived as its over-
simplification of source-sink terms, principally that pyrite is the only source of 
contamination and dissolved oxygen is the only oxidant, which in turn is assumed 
to be involved solely in the oxidation of pyrite and ferrous iron. In reality, it is 
likely that oxidation of organic matter also takes place within coal-rich mine 
waste material (Bennett et al. 1999) but this would have the effect of prolonging 
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the overall contamination potential of the mine waste material since oxygen 
would be consumed not only by oxidative weathering of pyrite in the upper layers 
but also carbonaceous material. Pyrite oxidation is generally acknowledged to be 
faster than carbon oxidation in the short term by up to two orders of magnitude 
(Chang and Berner 1999). However, as pointed out by Evans et al. (2003), the 
slower rate and greater volumetric abundance of coal available for oxidation could 
lead to long term control of oxygen concentrations in pyrite-depleted portions of 
the heap by the availability of labile carbonaceous material. Provided the heap 
was not later disturbed by excavation, this could mark the time when the heap 
ceased to be seriously polluting, which would be after a shorter time scale than 
that predicted by POTOMAC. 
Conclusions 
The application of a physically-based, object-oriented particle tracking model 
(POTOMAC) to the Morrison Busty mine waste heap in northern England, UK, 
has revealed the long-term contamination potential of the waste material. An 
exponential decline in pollutant concentrations is predicted, over a 500 year 
period, with the development of asymptotic levels creating the possibility that 
contamination could persist for several centuries, albeit at significantly lower 
concentrations than those currently observed. These findings have important 
implications for the remediation of such pollution since it is essential, when 
designing effective treatment technologies, to have a thorough understanding of 
the long-term evolution of the polluting discharges. 
 
The results suggest that the distribution of oxygen within the unsaturated mine 
waste, and its availability at the pyrite mineral surfaces, is the governing factor in 
the magnitude of contamination. Similar conclusions have been reached by other 
authors, e.g. Ritchie and Miskelly (2000). During a 500 year simulation, pyrite 
oxidation is predicted to take place within the upper 4 metres of mine waste but, 
below this depth, the mine waste remains undisturbed. This suggests that oxygen 
is exhausted in the upper layers by the oxidative weathering of pyrite and presents 
the possibility that it may never be transported to greater depths, especially if (as 
is likely in coal-rich wastes) oxygen takes part in additional reactions, e.g. 
oxidation of carbonaceous material. 
 
Although limitations exist in the conceptual model described in this paper, 
principally due to over-simplification of the hydraulics and the source-sink terms, 
it is unlikely that the inclusion of additional source minerals and secondary 
precipitates would produce a shorter timescale for continuing polluting 
discharges. As the average pH within the mine waste heap is on the order of 4 – 5, 
oxidation of pyrite by ferric iron is unlikely to be a contributing factor since this 
reaction is believed to take place under very low pH conditions (Singer and 
Stumm 1970). The same applies to dissolution of secondary minerals as it is 
widely regarded that metal solubility, and therefore mobility, increases with 
decreasing pH (Banwart and Malmström 2001). 
 
The modelling approach used in POTOMAC, i.e. an object-oriented particle 
tracking routine, although somewhat simplified geochemically, has been 
successful in its application to the Morrison Busty mine waste heap. Such an 
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approach has therefore been vindicated and has great future potential for a wide 
range of hydrogeological applications. 
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Figure captions 
Fig. 1 Generalised conceptual model of a mine waste heap showing hydrogeology and (inset) 
variations in grain size 
Fig. 2 Location of Morrison Busty mine waste heap, County Durham, UK 
Fig. 3 Measured variation of oxygen content with depth in the Morrison Busty mine waste heap 
over a six month period 
Fig. 4 Modelled area of Morrison Busty mine waste heap showing the 20 vertical columns, the 
spoil heap surface and the perched water table, where arrows represent groundwater flow direction 
Fig. 5 Observed and modelled iron (a) and sulphate (b) concentrations in perched groundwater 
during the calibration period 
Fig. 6 Predicted iron (a) and sulphate (b) concentrations in perched groundwater over a 500 year 
period, where the white line represents a moving average trend line 
Fig. 7 Predicted iron (a) and sulphate (b) concentrations in mine waste heap discharge over a 500 
year period, where the white line represents a moving average trend line 
Fig. 8 Modelled fraction of pyrite remaining within a single column (Column 3 in Table 2) over a 
500 year period 
Fig. 9 Modelled gaseous oxygen distribution within a single column (Column 3 in Table 2) at end 
of 500 year simulation 
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Table 1 Model input parameters for application of POTOMAC to Morrison Busty mine waste 
heap 
 
Parameter Value 
Effective porosity 0.05 
Bulk mass density (kg/m3) 2000 
Pyrite density (kg/m3) 5000 
Average diameter of pyrite crystals (µm) 50 
Henry’s constant 26.3 
Longitudinal dispersivity (m) 0.5 
Oxygen diffusion coefficient in air (m2/s) 1.8 x 10-5
Oxygen diffusion coefficient in water (m2/s) 2.1 x 10-9
Recharge (m/day) 2.191 x 10-3
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Table 2 Calibrated distribution of pyrite (% by mass) and moisture content within Morrison Busty 
mine waste heap 
 
Node Depth 
(m) 
Moisture 
Content 
Column 
1-3 
Column 
4 
Column 
5-8 
Column 
9-20 
1 0 – 1 0.025 1 0.5 0.5 0 
2 1 – 2 0.025 1 0.5 0.5 0 
3 2 – 3 0.025 1 0.5 0.5 0 
4 3 – 4 0.030 2 0.5 0.5 0 
5 4 – 5 0.035 4 3 0.5 0 
6 5 – 6 0.040 4 3 0.5 0 
7 6 – 7 0.045 4 3 0.5 0 
8 7 – 8 0.045 4 3 0.5 0 
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Table 3 Modelled percentage pyrite depletion within a single column (Column 3 in Table 2) after 
500 years 
 
Node Depth (m) 
Initial Pyrite 
Content (% by 
mass) 
Pyrite Depletion 
(%) 
1 0 – 1 1 100 
2 1 – 2 1 99 
3 2 – 3 1 75 
4 3 – 4 2 11 
5 4 – 5 4 0 
6 5 – 6 4 0 
7 6 – 7 4 0 
8 7 – 8 4 0 
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Table 4 Modelled percentage pyrite depletion within a single column (Column 4 in Table 2) after 
500 years 
 
Node Depth (m) 
Initial Pyrite 
Content (% by 
mass) 
Pyrite Depletion 
(%) 
1 0 – 1 0.5 100 
2 1 – 2 0.5 100 
3 2 – 3 0.5 94 
4 3 – 4 0.5 62 
5 4 – 5 3 4 
6 5 – 6 3 0 
7 6 – 7 3 0 
8 7 – 8 3 0 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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